Abstract: Proper maintenance of RNA structure and dynamics is essential to maintain cellular health. Multiple families of RNA chaperones exist in cells to modulate RNA structure, RNA-protein complexes, and RNA granules. The largest of these families is the DEAD-box proteins, named after their catalytic Asp-Glu-Ala-Asp motif. The human DEAD-box protein DDX3 is implicated in diverse biological processes including translation initiation and is mutated in numerous cancers. Like many DEAD-box proteins, DDX3 is essential to cellular health and exhibits dosage sensitivity, such that both decreases and increases in protein levels can be lethal. Therefore, chemical inhibition would be an ideal tool to probe the function of DDX3. However, most DEAD-box protein active sites are extremely similar, complicating the design of specific inhibitors. Here, we show that a chemical genetic approach best characterized in protein kinases, known as analog-sensitive chemical inhibition, is viable for DDX3 and possibly other DEAD-box proteins. We present an expanded active-site mutant that is tolerated in vitro and in vivo, and is sensitive to chemical inhibition by a novel bulky inhibitor. Our results highlight a course towards analog sensitive chemical inhibition of DDX3 and potentially the entire DEAD-box protein family.
Introduction
RNA is a highly dynamic macromolecule and can form numerous intra-and inter-molecular structures, which influence function. Like proteins, RNA molecules have chaperones that remodel structures to ensure proper function. RNA chaperones can be ATP-dependent like DEAD-box proteins, 1 or ATPindependent like cold shock domain proteins and heteronuclear ribonucleoproteins (hnRNPs). 2 In humans, there are 36 DEAD-box proteins which function in every step of RNA biology. For example, 18 DEAD-box proteins have been implicated in ribosome assembly, six in splicing, six in translation, and others in numerous other functions.
1 DEAD-box proteins also associate with non-membrane-bound, microscopically visible puncta in cells known as RNA granules, 3, 4 which are thought to arise from phase separation caused by multivalent weak interactions. [5] [6] [7] Remarkably, loss of function of the C. elegans DEAD-box protein CGH-1 (human DDX6) causes germ line granules to form square, crystalline structures in vivo. 8 Therefore, DEAD-box proteins can function both on individual RNA:protein complexes (RNPs), or function as molecular dispersants to promote fluidity of RNA granules. The human DEAD-box protein DDX3 (encoded by DDX3X) and its yeast ortholog DED1 have been implicated in numerous cellular functions, but most consistently in remodeling RNA and RNPs during translation initiation. 4, [9] [10] [11] [12] [13] DDX3 and Ded1p also associate with two related types of RNA granules known as stress granules and P-bodies, 3, 4 and introduction of catalytically deficient Ded1p increases granule size, 4 suggesting they may have a role in determining the size of RNA granules by modulating weak interactions. Frequent mutations of DDX3X are found in numerous human malignancies including medulloblastoma, [14] [15] [16] [17] diverse blood cancers, [18] [19] [20] [21] head and neck squamous cell carcinoma, 22, 23 lung cancer, 24 and more. However, cellular studies are complicated by the fact that DDX3 and DED1 are essential genes, limiting the perturbations that can be made. Moreover, the poor time resolution of knockdown and transfection experiments complicates assignment of direct and indirect targets of DDX3 in cells. DDX3, like all DEAD-box proteins, couples ATP binding to conformational changes that create a binding surface selective for single stranded RNA. 1, 25 ATP hydrolysis then destabilizes this conformation and promotes product release. 26 Conversion to the ATP-bound closed state involves creation of a composite active site involving residues on both the N-terminal DEAD and C-terminal HELICc domains. Therefore, interfering with ATP binding or hydrolysis will prevent RNA and RNP remodeling by DEAD-box proteins. Chemical inhibitors are extremely powerful tools to study function in cells due to their high temporal resolution. However, it is difficult to develop specific inhibitors to protein families with many highly related members, like DEAD-box proteins. In protein kinases, mutation of a "gatekeeper" residue to a smaller alanine or glycine uniquely sensitizes the mutant protein to bulky active site inhibitors which are otherwise inactive against the majority of the kinome. 27 This approach allows for high affinity and specific inhibition of individual protein kinases by introducing a single point mutation, and has been widely used to generate analog sensitive inhibitors 27 and artificial substrates. 28 A similar approach has been used to generate synthetic substrates or inhibitors for myosin and kinesin. 29, 30 Here, we present proof-of-principle experiments demonstrating analog sensitive inhibition of the DEAD-box protein DDX3. We engineer a binding pocket near the ATP binding site by point mutation while retaining in vitro function and complementation of the essential yeast gene DED1. The expanded active-site mutant is sensitized to pyrazolopyramidine-related compounds in vitro, including GXJ1-76. In yeast, treatment with GXJ1-76 is lethal in cells harboring expanded active-site mutants, but this is due to synthetic interactions with temperature sensitivity rather than specific inhibition. We therefore performed a general screen of existing analogsensitive inhibitors and find a new series of compounds that also demonstrate more potent analog sensitive inhibition in vitro. Taken together, our results demonstrate that analog sensitive inhibition of DEAD-box proteins is possible, and highlight two scaffolds that could be used to design high affinity inhibitors.
Results
Targeting a hydrophobic cluster for expanded active-site mutation Analog sensitive inhibition of proteins requires generation of an expanded active-site to accommodate bulky groups on the inhibitor. We examined the ATP binding site of DDX3 and found that the N6 position of adenosine points towards a cluster of four hydrophobic residues on the DEAD domain [ Fig. 1(A) ]. 31 As N6 on adenosine is the position modified in many preexisting bulky kinase inhibitors and adenosine receptor agonists, we targeted this hydrophobic cluster for mutation. We then examined the conservation of this region in diverse human DEAD-box proteins and found high conservation at most positions but some variability [ Fig. 1(B) ]. Expanding this analysis to DEAD-box proteins from Saccharomyces cerevisiae and Escherichia coli shows that all four positions are tolerant of substitutions, suggesting some structural plasticity in this region [ Fig.  1(C) ]. Therefore, there is a hydrophobic cluster adjacent to the ATP binding site that is conserved but also shows limited variability, suggesting it may be tolerant to mutation.
Expanded active-site mutants of DDX3 are functional
We generated point mutants of three positions of the hydrophobic cluster in DDX3 [ Fig. 1(A) ] and expressed and purified them from E. coli. All three variants eluted from a gel filtration column normally, suggesting no major disturbance in folding [ Fig. 2(A) ]. We used a shortened construct of DDX3 Floor et al. lacking the N-and C-terminal tails that has superior biochemical behavior and is highly active in vitro (DDX3 residues 132-607). 31 As F182 abuts the ATP binding pocket, we tested the ability of the mutant protein to bind to the nucleotide adenosine monophosphate (AMP). We used AMP rather than ATP to directly test the binding affinity of nucleotide to the DEAD domain without avidity effects from the HELICc domain caused by ATP-dependent conformational changes. ] suggests that they also bind nucleotide with similar affinity to wild-type DDX3, but we have not tested this directly. We next functionally characterized the mutant proteins with expanded active sites. First, we tested the activity of the mutant proteins in RNA duplex unwinding assays 33 and found that all mutants had Ded1p. In sum, mutation of the active-site hydrophobic cluster is tolerated in vitro and in vivo, demonstrating it is possible to create an expanded active site in a DEAD-box protein.
Adenosine monophosphate but not published DDX3 inhibitors retards RNA duplex unwinding
We started to search for a viable scaffold for engineering bulky active-site inhibitors of DDX3 by surveying published inhibitors. To verify that our duplex unwinding assay was able to measure inhibition of DDX3 we titrated AMP into the reaction, which binds with low micromolar affinity [ Fig. 2(B) ] and inhibits the enzyme. 32 We observed endpoint depression of duplex unwinding with only a two-fold effect on the rate with an apparent K I of 30 lM [ Fig. 3(A,B) ]. We then tested a series of published inhibitors including one rhodanine derivative, 35 two triazine derivatives, 35 the ring-expanded nucleoside RK-33, 24 ketorolac salt, 36 and kaempferol-3-O-b-Dglucopyranoside. 37 Both ketorolac salt and Maga compound 4b showed two-fold effects on the rate of duplex unwinding but no change to the endpoint of the reaction [ Fig. 3(C,D) ]. As ATP hydrolysis is required for product release but not duplex unwinding, 26 it is possible that endpoint depression [ Fig.   3 (B)] is a signature of active-site inhibition while rate depression reflects noncompetitive inhibition by, for example, interacting with the duplex RNA substrate [ Fig. 3(D) ]. Alternatively, as Ded1p exhibits both ATP-dependent duplex unwinding and ATPindependent strand annealing activities, 38 it may be that ATP-competitive inhibition causes endpoint . Error is S.D (left) and standard error of the fit parameter (right). (D) Yeast with hydrophobic cluster mutants in the sole copy of DED1 grow normally at 308C but some exhibit cold (I157A) or heat (F144A) sensitivity. Yeast DED1 F144, I157, and V173 correspond to DDX3 F182, I195 and I211, respectively. Spots represent a tenfold dilution series from OD 1.
Floor et al.
depression by altering the balance between unwinding and annealing. It remains possible that these inhibitors interact with the noncatalytic extensions that have been removed from DDX3 132-607 , or that they interact with a composite bimolecular surface that only exists in cells. As we were unable to observe strong inhibition with any of the tested compounds other than AMP, we sought alternatives to screen for analog sensitive inhibitors of DDX3.
Analog sensitive inhibition of DDX3
We surveyed diverse compounds in an attempt to find analog sensitive inhibitors of our expanded active site versions of DDX3. Focus was placed on the F182A mutation as it generates the largest pocket for a bulky inhibitor. We assembled a panel of nine adenosine receptor agonists, three AAA 1 -ATPase inhibitors or related quinazolinones, 39 and
30 bulky kinase inhibitors and tested these using duplex unwinding. Kinase inhibitors were included because these have been shown to exhibit crossreactivity with DEAD-box proteins. 40, 41 We found no inhibitory activity of any of the adenosine receptor analogs and weak activity for the AAA
1
-ATPase DBeQ (data not shown). In addition, the large majority of the kinase inhibitors tested showed no effect. However, we found reproducible inhibition of duplex unwinding of only the mutant allele upon addition of the compound GXJ1-76 [ Fig. 4(A,B) ]. The concentration dependence of GXJ1-76 treatment is not linear [Fig. 4(B) ], possibly due to solubility issues at these concentrations. Notably, GXJ1-76 causes endpoint depression with only small changes on the rate [ Fig. 4(C) ] as seen for AMP [ Fig. 3(A,B) ], suggesting it is targeting the active site. GXJ1-76 shows a dose-dependent decrease in the ATPase activity of DDX3 with modest selectivity for the mutant allele [ Fig. 4(D) ].
We then tested the ability of GXJ1-76 to inhibit Ded1p in yeast where the sole copy of DED1 has been replaced by the expanded active-site allele F144A (DDX3 F182A; Figure 2(D) . Yeast harboring a wild-type allele of DED1 are minimally affected by treatment with 100 lM GXJ1-76 but ded1-F144A yeast grow considerably slower in the presence of GXJ1-76 [ Fig. 5(A) ] As the ded1-F144A strain exhibits temperature sensitivity, we also tested inhibition in an unrelated temperature sensitive strain harboring mutations in the MCM3 replicative helicase 42 to ensure that the growth defect was specific to GXJ1-76 interacting with Ded1p [ Fig. 5(B) ]. However, GXJ1-76 treatment also severely inhibited growth of the mcm3-1 strain [ Fig. 5(C) ], suggesting that the growth inhibition observed is due to off-target effects. In sum, expanded active-site versions of DDX3 are preferentially inhibited by GXJ1-76 in vitro, but low potency and off-target effects in cells preclude use of this compound as is. 
Bulky kinase inhibitor screen identifies anilinoquinazolines as lead scaffold
The biochemical inhibition of the mutant allele of DDX3 by GXJ1-76 (Fig. 4) suggests that kinase inhibitor scaffolds may provide a promising lead for the development of analog-sensitive DEAD-box helicase inhibitors. We therefore performed a more general screen of 31 bulky analog-sensitive kinase inhibitors (see Supporting Information Fig. S1 ). From this screen we hoped to identify a scaffold or bulky group that had increased potency against analog-sensitive mutants and retained selectivity over the wild-type allele. The screen included mostly pyrazolopyrimidine-based molecules with various substitutions at both the 3-and N1-positions. A number of the N1-substitutions had potential hydrogen bond donors or acceptors that we hoped might form favorable interactions within the binding pocket to increase potency compared to GXJ1-76. The screen also included alternate inhibitor scaffolds beyond the pyrazolopyrimidine including pyrimidine-, and anilinoquinazoline-based inhibitors which we hoped would have different inherent affinity for the DEAD-box helicase ATP-binding site. From this screen, we identified AQZ01, a 6,7-dimethoxyanilinoquinazoline, as the most potent inhibitor of the F182A mutant (Fig. 6 ).
Structure-activity relationship of AQZ01 yields compound 1, a selective analog-sensitive DEAD-box helicase inhibitor
Using screening hit AQZ01 as a starting point, we synthesized a series of molecules with increased steric bulk off the aniline of AQZ01 [ Fig. 7(A) ]. Interestingly, we found a strong preference for planar aromatic substitutions, as meta-bromo, isopropyl, or tert-butyl anilines exhibit little activity against the F182A mutant. The position of the planar fused aromatic ring is also important, as the 1-aminonaphthalene compound (AQZ04) was much more potent than the 2-aminonaphthalene compound (AQZ05). The most promising derivative of this series, AQZ06, contains a 4-aminoindole at this position and retained the selectivity of AQZ01 against wild-type DDX3, but increased potency against the F182A mutant substantially [ Fig. 7(B) ]. Assuming the 4-aminoindole of AQZ06 points into the pocket created by mutation of F182 of the hydrophobic cluster, we reasoned that changing the substitution of the 6-and 7-positions of AQZ06 could increase potency by making favorable interactions with the phosphate-binding P-loop of the helicase ATP-binding site. We therefore focused on placing hydrogen-bond donors/acceptors at the 6-and 7-positions of the anilinoquinazoline scaffold. Although we explored a series of molecules with formal negative charges at these positions (data not shown), we did not find a substitution that dramatically increased potency. Our most potent compound (1) shows a biochemical IC 50 of 100mM in an ATPase assay [ Fig. 7(C) ]. However, we did not observe inhibition of duplex unwinding by compound 1 [ Fig.  7(D,E) ], which may be because DDX3 is superstoichiometric to RNA in this assay while substoichiometric in the ATPase assay. We did not test AQZ06 or compound 1 against Ded1p in yeast because the low on-target potency of these compounds suggest they may cause off-target effects like GXJ1-76, and anilinoquinazoline derivatives are pumped from yeast by efflux pumps 43 (K.M.S. unpublished observations). Thus, we used chemical derivatization to increase the potency of AQZ01 against the F182A mutant of DDX3 greater than 10-fold while maintaining selectivity against wild-type DDX3.
Discussion
We have demonstrated a strategy for analog sensitive inhibition of the DEAD-box protein DDX3. By generating expanded active-site mutations (Figs. 1 and 2) we sensitized DDX3 to inhibition by bulky kinase inhibitors (Fig. 4) . Furthermore, treatment with the analog sensitive inhibitor GXJ1-76 is sufficient to block yeast growth when yeast contain the expanded active-site allele F144A, however a MCM3 mutant strain (mcm3-1) is also inhibited by this compound suggesting the effect may be due to off-target interactions (Fig. 5) . We then found that anilinoquinazolines show selective biochemical inhibition of DDX3 F182A (Fig. 6 ) and made a series of derivatives to generate compound 1, which selectively inhibits the mutant enzyme while sparing the wild-type (Fig. 7) . We targeted a hydrophobic cluster adjacent to the ATP binding site for mutation to generate the expanded active-site alleles. This region is broadly conserved in DEAD-box proteins in humans and other organisms [ Fig. 1(B,C) ], suggesting it may be possible to apply this strategy to other DEAD-box proteins besides DDX3. Our data on DDX3 already suggests a promising strategy to probe DDX3 function. However, prior to use in cells the affinity of the compound needs to be improved to avoid nonspecific toxicity (Fig. 5) .
While using a kinase inhibitor scaffold as the starting point for our analog-senstive DEAD-box helicase inhibitor immediately presents the problem of off-target toxicity towards cellular kinases, all the bulky inhibitors tested are remarkably inactive against most wild-type kinases. We hoped that by changing inhibitor scaffolds from the very promiscuous pyrazolopyrimidine to the more selective anilinoquinazoline we would additionally reduce this offtarget toxicity. However, anilinoquinazolines have poor solubility and pharmacokinetic properties. Future work optimizing the scaffold with these considerations in mind could yield viable analog sensitive inhibitors of DDX3.
An additional challenge is the low potency of all tested chemical scaffolds for DDX3. While initial work generating an analog-sensitive kinase inhibitor used PP1, a nanomolar inhibitor of Src, as a starting point, 44 simple pyrazolopyrimidines and anilinoquinazolines are millimolar binders of DDX3. This is likely due to the fact that kinase inhibitors rely heavily on 'hinge' hydrogen bonding interactions for potency, and these contacts are not present in DEAD-box proteins. Making favorable interactions with the essential glutamine of the DEAD-box helicase Q-motif could provide a substantial jump in potency. 45 Finding substituents that interact favorably with the helicase P-loop could also produce a similar potency boost. Since the majority of the affinity of AMP for the helicase active site is derived from the phosphate and not the adenosine, 32 it is possible that potent P-loop binders will provide the most promising path forward. We expect that additional rational design of compounds described within this work, along with additional screening for more potent leads, is a promising path towards developing a potent chemical inhibitor of DDX3 and DEAD-box proteins in general.
Materials and Methods

Muiltiple sequence alignments
Sequences for all DEAD-box proteins from Homo sapiens, Escherichia coli, and Saccharomyces cerevisiae were retrieved from the NCBI and were aligned using MUSCLE. 46 A separate MUSCLE alignment of only human DEAD-box proteins was used to generate Figure 1 (B). Alignments were visualized using Jalview. 47 
Recombinant protein purification
The codon optimized coding sequence for human DDX3X residues 132-607 fused to a 6xHis-MBP tag was expressed in E. coli BL21-Star cells. Induction was performed by addition of 1 mM IPTG for 18 hours at 168C. Cell pellets were lysed by sonication, clarified by centrifugation at 30,000 g, and purified by nickel chromatography including a 1M NaCl wash to remove bound nucleic acids. The His-MBP tag was cleaved using tobacco etch virus protease during dialysis into 200 mM NaCl, 10% glycerol, 20 mM HEPES pH 7, and 0.5 mM TCEP. The sample was then purified using heparin affinity chromatography, eluted at 400 mM NaCl, 10% glycerol, 20 mM HEPES pH 7, and 0.5 mM TCEP, and applied to a Superdex 75 gel filtration column equilibrated in 500 mM NaCl, 10% glycerol, 20 mM HEPES pH 7.5 and 0.5 mM TCEP. Fractions were then concentrated to roughly 30 lM and supplemented with 20% glycerol and flash frozen in LN2.
RNA duplex unwinding
Duplex unwinding assays were performed as described 33 with 2 mM ATP (Fig. 2) , 0.1 mM ATP (Figs. 3 and 7) or 0.5 mM ATP (Fig. 4 ) and 1 lM protein. The sequences of the RNA duplex strands are 5 0 -AGCACCGUAAAGACGC-3 0 and 5 0 -GCGU-CUUUACGGUGCUUAAAACAAAACAAAACAAAA-CAAAA-3 0 , and the short RNA strand was 5 0 radiolabeled with 32 P. Unlabeled "chase" RNA was not included. For experiments with inhibitors, protein, RNA and inhibitor were pre-incubated in helicase reaction buffer for five minutes and the reaction was initiated with ATP. All inhibitors were stored in DMSO and DMSO concentrations were matched between all experiments, which never exceeded 5%.
Coupled ATPase assays
Assays were performed using ADP-Quest (DiscoveRx) according to manufacturer's instructions with 1mM enzyme, 10mM dsRNA and 100mM ATP-gold (DiscoveRx) in 20 mM Tris pH 7.5, 200 mM NaCl, 1 mM MgCl 2 , and 0.01% Triton X-100. The sequences of the RNA duplex strands are the same as those used in the duplex unwinding assay. All experimental results are reported as the average of three replicates with error bars representing the standard deviation of results, except for Figure 6 , which was completed without replicates.
Yeast Experiments
A strain of S. cerevisiae containing a deletion of the DED1 locus complemented by a URA3 marked plasmid harboring DED1 was described previously. 4 Mutants were generated by site-directed mutagenesis in a plasmid containing DED1 marked with HIS3, which was then transformed into yeast and counterselected using 5-fluoroorotic acid on His -complete synthetic media. All strains were verified by plasmid purification and dideoxy sequencing. Strains were grown using YPD media following verification. Growth experiments in Figures 2D and 5B are tenfold dilutions from OD 1; continuous growth experiments in Figure 5 are by OD 595 measurement at 308C in a Tecan Infinite F200 plate reader with 2 mm orbital shaking.
